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The effect of magnetic activity saturation in chromospheric flux-flux 
relationships 
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ABSTRACT 

We present a homogeneous study of chromospheric and coronal flux-flux relationships using 
a sample of 298 late-type dwarf active stars with spectral types F to M. The chromospheric 
lines were observed simultaneously in each star to avoid spread due to long term variability. 
Unlike other works, we subtract the basal chromospheric contribution in all the spectral lines 
studied. For the first time, we quantify the departure of dMe stars from the general relations. 
We show that dK and dKe stars also deviate from the general trend. Studying the flux-colour 
diagrams we demonstrate that the stars deviating from the general relations are those with sat- 
urated X-ray emission and that those stars also present saturation in the Ho- line. Using several 
age spectral indicators, we show that they are younger stars than those following the general 
relationships. The non-universality of flux-flux relationships found in this work should be 
taken into account when converting between fluxes in diflTerent chromospheric activity indi- 
cators. 

Key words: Galaxy: solar neighbourhood - Stars: late-type - Stars: activity - Stars: chromo- 
spheres - Stars: flares 



1 INTRODUCTION 

The study of stellar chromospheric and coronal emission is funda- 
mental for the understanding of the outer layers of late-type stars. A 
number of problems can be addressed with activity based studies, 
such as the generation of stellar magnetic fields by dynamo pro- 
cesses or the nature of coronal heating and its relation with stellar 
activity. Determining the magnetic activity level, per se, is also im- 
portant in oth er research topics, such as accurately measuring radial 
velo citv (e.g.lSaar & Dona hue '1997) or detecting transiting planets 
(e.g. lHenrv et al.ll997h . Another example that has interested the as- 
tronomic community for the past few years is the effect of magnetic 
activity on t he formation and evolution of planets and their atmo- 
spheres (e.g. lCuntz et al and, in a more general context, the 
evolution of overall stellar magnetic activity with age. 

When the (sometimes substantial) contribution from the 
acoustically driven basal atmosphere is subtracted from the 
observed emission, power law relationships are found between the 
excess flux in different activity indicators (see Schri iver & Zwaaiil 
I2OOOI) . The first empirical flux-flux relationships compared fluxes 
in chromospheric and coronal lines with the aim of studying 
the magnetic stru cture of stellar atmospheres dSchriiverl Il987l ; 
iRutten et alj|l99l1) . Subsequent studies analysed the relationship 
among different chromospheric activity indicators, such as Ca 11 H 
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t Based on observations collected with the FEROS spectrograph at the 2.2 
m telescope at the European Organisation for Astronomical Research in the 
Southern Hemisphere, Chile (Programme: 074.D-00 16(A)) 
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included mostly bin ar y (in m any cases also ev olved) stars. 
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with spectral types F to K. It is important to mention that there is 
no standard technique to correct for the photospheric contribution 
among the mentioned studies. This makes the comparison between 
data acquired by different researches difficult. Besides, in many of 
the previous studies, the observations of the two activity indicators 
were not simultaneous. This fact introduces an important scatter 
in the flux-flux relationships due to the intrinsic variability of 
stellar magnetic activity. To date, these power law relationships 
have been found to be independent of effective temperature or of 
stellar luminosity class for classes II-V (provided that stars beyond 
mid-M type are excluded). 

Some previous studies found that M-dwarfs presented a slight 
departure from the main flux-flux relationships in some spectral 
lines. In particular, this departure was found for emission-line M 
dwarfs when comparing chromospheric indic a tors with transition 
region ones ( IOranielll986l iRutten et aLl ligSg*: 'Schriiver & Zwaai] 
200Qi) or with the coronal soft X-ray emission (Schriiver & RuttenI 
19871) . However, all the departures from the general flux-flux re- 



lationships found in these studies were i) restricted to dMe stars, 
ii) restricted to the comparison between the chromosphere and 
outer layers (transition region and corona). Besides, the fact that 
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the coronal X-ray and transition region UV observations were not 
simultaneous to those of the chromosphere, introduced an impor- 
tant source of scatter due to the intrinsic variation of act ive stars 
jSchriiver et al ]|l992h . Later, iLopez-Santiago et~aL I (l2005l) showed 
that some active late-K and M type stars deviated from classical 
Ha-Caii flux-flux relationships. They tentatively identified them 
with flare stars. The sample of M-dwarfs in all these studies has 
been systematically biased towards emission-line stars. Therefore, 
these studies could not conclude whether this departure from the 
main flux-flux relationships was restricted to late-type stars with 
clear emission line characteristics or was common to a larger group 
of late K- and M-type stars. The main objective of this work is 
to check which type of stars depart from the main flux-flux re- 
lationships when two chromospheric indicators are compared. In 
addition, we aim to properly quantify this departure using chromo- 
spheric fluxes that are appropriately corrected from the atmospheric 
basal contribution. By so doing we will provide unique information 
on the validity of the use of such relationships when trying to con- 
vert between fluxes in different lines. 

For this research, we used high resolution optical echelle spec- 
tra. A noteworthy advantage of echelle spectra is that they cover a 
large fraction of the optical spectrum simultaneously. Therefore, 
they allow a simultaneous observation of all the activity indicator 
lines present in this spectral range, avoiding the spread in the re- 
lations caused by temporal variability of activity levels. This fact 
implies a significant improvement of the flux-flux relationships 
with respect to those previously obtained, because most of the latter 
were built by using activity diagnostics that were not measured si- 
multaneously. In addition, the chromospheric fluxes obtained from 
this method are corrected for the basal chromospheric emission. 

Details on the technical information of the observations and 
data reduction are given in Section 2. Section 3 describes the analy- 
sis of the observations and the obtained excess emission equivalent 
widths, excess surface fluxes and X-ray luminosities and fluxes. Fi- 
nally, Sections 4 and 5 are devoted, respectively, to the discussion 
of the results and conclusions of this work. 



2 DATA SELECTION AND REDUCTION 

The present study is based on high resolution echelle spectra. 
The total sample comprises 298 main-sequence, late-type (spec- 
tral types F to M), single , active stars. We used data from 
iLopez-Santiago et al.l (I2OI0I) (hereafte r LSIO) for 144 stars and 
data from Martmez-Amaiz et al. I teOlOl) (hereafter MA 10) for nfl 
The former sample is mainly formed by main-sequence stars but 
also includes some stars members of young associations and kine- 
matic groups. The 16 binaries of that sample have not been included 
in our study. The MAIO sample is formed only by main-sequence 
single stars. Thus, all the active stars in this sample have been in- 
cluded in our study. We refer the reader to the mentioned works 
for a detailed explanation on the observing rans, telescopes and in- 
struments they used as well as the characteristics of their spectra. 
We also note that there are 22 common stars between LSIO and 
MAIO. After eliminating all binaries in LSIO and cross-correlating 
this sample with MAIO, we obtained a total of 279 late-type stars. 
We note that MAIO and LS 10 samples are complementary in terms 
of emission levels: while the former includes mainly low activity 
stars, the latter is principally formed by young active stars. This fact 



' We note that we only used data for the stars classified as active. 



is important bearing in mind that we aim to obtain precise flux-flux 
relationships and determine whether they hold for all spectral types 
and activity levels. 

Given that previous st udies showed a peculiar beh aviour for 
some late-K and M stars ^Lopez-Santiago et alj 1200^ , and that 
MAIO and LSIO samples only include a small number of these 
types of stars, we considered it necessary to increase the number of 
these types of stars in the total sample. To complete the sample and 
increase the ratio of late-K and M stars, we obtained high resolution 
echelle spectra of 21 late-K and M stars, some of them well-known 
members of young associations and moving groups. Bearing in 
mind that previous studies suggested that those stars deviating from 
the main flux-flux relationships were only those with emission fea- 
tures, the stars chosen to increase the sample are late-K and M type 
with and without such features. The chosen stars were also selected 
on the grounds of their known activity levels and youth. Only those 
stars with no signatures of accretion that could, eventually, affect 
chromospheric emission have been used (see Section |4Tt . The ob- 
servations of this new sample of late-K and M stars were carried 
out at the European Southern Observatory, ESO (La Silla, Chile) 
in February 2005 with FEROS (Fiber-fed Extended Range Opti- 
cal Spectrograph) linked to the Cassegrain focus of the 2.2 m tele- 
scope, with the CCD 2048 x 4096 (0.15 yum/pixel). This configu- 
ration provides observations within the spectral range 3500-9200 
A with a resolution of 48000 (reciprocal dispersion ranging from 
0.03 to 0.09 A/pixel from the red to the blue region of the spec- 
trum) in a total of 39 orders. This campaign will be referred as the 
FEROS05 observing run hereafter. Preliminary result s for some of 
the stars ob served in this observing run are found in dMontes et al.l 
I2OOII2OO8I) . We note that there is one star in common with LSIO 
and one in common with MAIO. 

We used the reduction procedures in the IRAlQ packages and 
the standard method: bias and dark subtraction, flat-field division, 
cosmic rays correction, scattered light subtraction, and optimal ex- 
traction of the spectra. Th-Ar lamps were used to perform the wave- 
length calibration. Finally, all the spectra were normalized by using 
a cubic spline polynomial fit to the observed continuum. We note 
that both the reduction process and data analysis for the stars in 
FEROS05 observing run were completely analogous to those used 
by LSIO and MAIO in their respective works. This, together with 
the fact that the technique used to obtain chromospheric fluxes (see 
Sectionim was the same, ensures the compatibility of all the data 
used in this study. 

The complete stellar sample contains 298 stars. The spectral 
type distribution of the whole sample is: 17 F type stars, 60 G type 
stars, 182 K type stars and, 39 M type stars. Fig.[T]shows the spec- 
tral type distribution for LS 10, MAIO and the FEROS05 observing 
run. 



3 DATA ANALYSIS 

As we mentioned in Section[T] (power law) flux-flux relationships 
between chromospheric features are found only when basal chro- 
mospheric activity is subtracted. This basal flux is common to ac- 
tive and non-active stars. Therefore, it is subtracted from the active 



^ IRAF is distributed by the National Optical Astronomy Observatories, 
which are operated by the Association of Universities for Research in 
Astronomy, Inc., under cooperative agreement with the National Science 
Foundation. 
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Figure 1. Spectral type distribution of the complete stellar sample. Note 
that all the stars in the sample are active. 



Star when using a non-active star as reference for the spectral sub- 
traction instead of theoretical synthetic photospheric spectra (see 
MAIO and LSIO for details). We used the same technique to re- 
veal and measure equivalent widths of chromospheric lines in the 
FEROS05 stars. Then, we converted equivalent widths to fluxes us- 
ing empirical calibrations. In the following sections we give the 
details of the analysis process. 



Table 1. Stars used as reference to subtract the photospheric contribution to 
the spectrum of the FEROS05 stars. 



Name 


Other name 


SpT 


B-V 


V sin 








km s"' 




HIP 83591 


HD 154363 


K5V 


1.139 


3.7tf 


HIP 62687 


HD 111631 


K7 


1.348 




HIP 60661 


GJ466 


MOV 


1.153 




HIP 25878 


HD 36395 


M1.5V 


1.383 


1.0' 


HIP 51317 


GJ393 


M2 


1.448 


1.1' 


HIP 61706 


GJ480 


M3 


1.470 


0.8' 


HIP 36208 


GJ273 


M3.5 


1.438 


o.o' 



' Jenkins et al. (2009) ^ Lopez-Santiago et al. (2010) 



the same observing run as their respective active stars. Once com- 
puted, the synthesized spectrum was subtracted from that of the tar- 
get star to obtain a spectrum of the non-basal chromospheric contri- 
bution alone. Excess EW of the activity indicators were measured 
in this subtracted spectrum. To estimate the errors in the measured 
EW, we followed Lopez-Santiago et al. (2003) and considered js- 
tarmod's typical internal precisions (0.5-2 km s"' in velocity shifts 
and ± 5 kms"' in projected rotational velocities, v sin/), the nns 
(root mean square) in regions outside the chromospheric features 
(typically 0.01-0.03), and the standard deviations. The estimated 
errors for relatively strong emitters are in the range 10%-20% but 
for low activity stars errors are larger. Taking into consideration 
that S/N is lower (higher rms) in the blue spectral region, errors in 
the chromospheric features at these wavelengths are larger. We re- 
fer the reader to LS 10 and MAIO for a description of the stars used 
as references. In Table [T]we list the stars used as references for the 
FEROS05 stars. 



3.1 The spectral subtraction technique: Excess EW 

The spectral subtraction technique (see e.g. iMontes et al.l 1 19951 . 
I2OOOI) is an unparalleled method to obtain the chromospheric con- 
tribution to the spectrum of a star. It permits the subtraction of the 
underlying photospheric contribution from the stellar spectrum. In 
this way, the spectral emission which originated at the chromo- 
sphere can be studied in detail. When the spectrum of a non-active 
star with similar spectral type, gravity and chemical composition is 
used, the basal chromospheric flux is also subtracted (see MAIO). 
Thus, any theoretical or semi-empirical calibration to subtract basal 
emission is avoided. As we mentioned above, this is important be- 
cause power law relationships between the flux in different activity 
indicators only hold when the acoustically driven basa l cliromo- 
spheric emission is eliminated jSchriiver & Zwaanll2000l) . 

For this work, we artificially constructed synthesized spectra 
using the program jstarmoi^. The synthesized spectrum consists 
of the sum of rotationally broadened, radial-velocity shifted, and 
weighted spectra of non-active stars which are chosen to match the 
spectral types and luminosity classes of the components of the ac- 
tive star under consideration. In this work, the non-active stars used 
as reference stars for the spectral subtraction were observed during 

' JSTARMOD is a modifi ed version of the Fortran code starmod develop ed at 
Penn State University iHuenemoerder & Barde"iilll984lBM-denlll985l) . The 
modified code, implemented by J. Lopez-Santiago, admits as input echelle 
spectra obtained with a CCD with more than 2048 pixels in the horizontal 
and/or vertical directions. 



3.2 Excess surface fluxes 

Fluxes were derived for each of the activity indicators from its mea- 
sured equivalent width (EW]) by using the continuum flux 

F,j = EW] F-"' =^ logF,., = log(£W,) + log(F7'), (1) 

where the continuum flux, F™"', is dependent on the wavelength 
and must therefore be determined for the region where the activity 
indicator line is. We used the empirical relationships between F™"' 
and colour index, B-V, derived by Hall ( 1996) to compute F^™' in 
the Can H & K, Ho- and Can IRT regions. We note that the afore- 
mentioned relationships are linear for the spectral type range of our 
sample st ars with the exception of the calibration for the Ho- region, 
for whichlnil i ll 9961) found small deviations from the linear trend 
for stars with B-V > 1 .4. This implies that, in principle, the calibra- 
tion for the Ho- region may not be valid for those stars cooler than 
M2/M3. We have explored the possibility of using the ;t^-factor cor- 
rectio n jWalkowicz et al.ll2004l ; IWest et al.ll2005[ IWest & Hawlevi 
which permits the derivation of LH„/Fboi directly from the 
measured equivalent widths of the emission lines and the colour 
index B-V of the star by using 

LHjLM=XXEWna. (2) 

T o test whether the ^-factor correction and that based on iHalll 
l ll996h calibration are consistent we have compared the values of 
LH„/Lboi obtained with both methods for M stars of the FEROS05 
campaign (see Fig. [2j. For these stars, bolometric luminosities 
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-5.0 -4.5 -4.0 -3.5 -3.0 -2.5 
log LHc/Lboi (Hall 1996) 



Figure 2. Compariso n between Yl a luminosities obtained using the ;j'-factor 
correction and that in lHalJ Jl996h . The dashed line is the one-to-one rela- 
tion, while the continuous line is the linear fit to the data. 



CF = {53Q- HR + '&31)- 10"'^ ergs cm"' counts"', (4) 

where HR is the hardness-ratio of the star in the ROSAT en- 
ergy band 0.1-2.4 KeV, defined as HR = (H - S)/(H + 5) with H 
and S being the counts in the detector channels 1 1^9 and 52-201, 
respectively. X-ray fluxes were determined by multiplying the CF 
value by the count-rate|3 of the sources in the same band. Note that 
the fluxes determined in this way are observed fluxes, but not sur- 
face fluxes. Fluxes were then transformed into luminosities using 
the distances from the star to the Earth. Since the CF and the count 
rate (CR) are defined for the ROSAT energy band 0. 1-2.4 KeV, the 
X-ray luminosity Lx is also integrated in this band. 

To obtain surface X-ray fluxes we used the computed lumi- 
nosities and the stellar radius. Since the stars in the sample are 
dwarfs (see LSIO, MAIO and Table lAll l. the radius were estimated 
by using a ZAMS calibration. 

The number of matches between our sample and the 

RASS decreases w ith increasing distance. For instance, 

iLopez-Santiago et al.l j2009l) observed that, for their sample, 
at < 40 pc, approximately 70% of the stars were cross-identified, 
while at d < 50 pc, only half of them had an RASS counterpart. 
This suggests that some X-ray emitters at large distances are lost 
as a consequence of the flux limit of the RASS, producing a bias in 
our X-ray sample. Note that the MAIO sample is limited to 25 pc 
and this effect should be negligible. 



(Lboi) were determined using a ZAMS calibration. The correlation 
between both results is clear: the linear regression equation is 

(i.H„/i^boiW««o, = 1.01 (LH„/Lb„i)«„„ 19% + 0.02 (^ = 0.98). (3) 

Note that the maximum deviation in Fig.|2]is 0.15 dex, which 
is within the dispersion range in the relat i ons fo und bv lHalll l l 19961) 
and those presented in IWest & HawlevI l|2008i). The fact tha t the 
obtain ed linear fit is compatible to the one-to-one implies that lHalll 
( Il996h calibrations for the continuum flux in the Ha region can be 
used also for M0-M4 stars with the same level of confidence as the 
;C-factor correction. To ensure a homogeneous analysi s of the data 
and obtain fluxes instead of luminosities, we haveused lHaiiHl996h 
calibration for all stars. 

In Table |A3] we give the absolute flux at the stellar surface 
and its error for the late-K and M stars of the FEROS05 observing 
run. We refer the reader to LSIO and MAIO for a compilation of 
the fluxes of the rest of the stars. 



3.3 X-ray fluxes and luminosities 

X-ray flux is a direct measure of stellar activity because it is un- 
likely to inc lude contributions from other sources su ch as the basal 
atmosphere ( iRutten et alJl99lUSchriiver et al.ll992l) . Therefore, in 
addition to the optical data, we searched for X-ray counterparts of 
the stars in our sample in the ROSA T All Sky Survey (RASS) cat - 
alogue. For this purpose we followed lLopez-Santiago et al.l ( l2009l) . 
We cross-correlated our total stellar sample with the ROSAT All- 
Sky Survey Bright Source Catalogue (RASS-BSC) and the Faint 
Source Catalogue (RASS-FSC) using a search radius of 30 arcsec 
to account for the ROSAT X-ray object coordinate determination 
accuracy. We found 243 counteiparts for the sample of 298 stars. 

To determine the X-ray fluxes, we used the count rate-to- 
energy flux conversion factor (CF) relation found bv lSchmitt et al.l 
( 1 19951) 



4 FLUX-FLUX RELATIONSfflPS 

In the following we address the subject of flux-flux relationships 
from a classical point of view and make no distinction between 
stars. 



4.1 Chromospheric flux-flux relationstiips 

In Figs. [3] and |4] we compare pairs of fluxes of diff'erent chromo- 
spheric lines for all the stars in our sample. For those stars observed 
more than once we plot the median value determined by us with all 
the observations and an error bar representing the maximum devi- 
ation from it. Power-law relationships between pairs of lines have 
been determined by fitting the data to a relation of the type 



log Fi = C[ + C2 log Fi 



(5) 



where Fi and F2 are the fluxes of two diff'erent lines and C[ 
an d C2 are the fitting parameters. We used the method explained 
in llsobe et al. 1 1 I1990I) to determine ci, ci and their errors. The bi- 
sector of the two possible ordinary least squares regressions (Y on 
X and X on Y) was determined in each case. The ordinary least 
squares bisector regression is the best solution when the goal is to 
esti mate the underlyi ng functional relation between the variables 
(see llsobe et al.|[l990l , for a complete study of the problem). 

In Table[2]we present the results for ci and C2.This table also 
lists the values of the sl ope (ca) previously obtained in different 
studies by other authors dSchriiver et al.lll989l: iMontes et al.lll995l 



Martmez-Amaiz et al. 



" l2010h . 



Il996bl lal; iLopez-Santiagol l2005l : 
Comparing columns #5 and #7 in Table|2]we observe that the values 
obtained for the linear fit of the data in this work are compatible, 
taking uncertainties into account, with those previously reported 
for single F, G and early-K stars for all chromospheric indicators. 
It is important to mention that while this study is based on single 



count-rate in the ROSAT energy band (0.1-2.4 KeV). 
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Figure 3. Flux-flux relationships between calcium lines (Can H & K and Can IRT). Green stars represent F type stars, yellow triangles G type stars, orange 
circles K type stars and red squares M type stars. 



active stars, iMontes et all i ll 9951) is focused on active binary stars. 
However, the differences obtained in the latter cases are not more 
noticeable than those obtained when one compares the results ob- 
tained in this work and other single star-based studies. 

The values obtained for the slopes in the relationships be- 
tween pairs of logarithmic fluxes follow the trend that has previ- 
ously been reported, i.e. the larger the difference in atmospheric 
height at which the compared lines form, the larger the value of the 
slope. This result h as been obtained bef ore using not only chromo- 
spheric indicators ( Montes et al.lll996al) , but also transition re gion 
( IOranielll986l : ISchri iver & Zwaan"l99l': 'Mont es et allll996 ah and 
coronal diagnostics (Schrijver et al. 1989; Mo ntes et al.ll 1996a ). 

It is important to mention th at after measuring excess EW, 
we ap plied the Ho- EW criterion jSarrado v Navascues & Martini 
|2003|) to ensure that no stars with an accretion disc were included. 
None of the stars in the sample had Ho- above the threshold and 



thus we can ensure that the measured EW (and computed fluxes) 
are not affected by non-chromospheric Ho- emission. 



4.2 Chromospheric-coronal connection 

In addition to the flux-flux relationships between chromospheric 
activity diagnostics we have obtained empirical power laws be- 
tween chromospheric and coronal (as given by X-rays) fluxes. De- 
tails on the search strategy and the conversion from count-rate to 
X-ray fluxes are given in Section 1331 In Fig. [5] we present the em- 
pirical relationships between X-ray surface flux and Ka (left panel) 
and Can /18498 A (right panel). Table |2|includes the linear regres- 
sion parameters for these relationships. 

Due to the flux limit of the RASS, our sample of cross- 
matched X-ray sources is incomplete for low X-ray surface fluxes. 
For instance, at 20 pc, RASS is incomplete for Lx ^ 10^* 
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Figure 4. Flux-flux relationships between Ha and Can IRT /i8498 A (left) and Can K (right). Green stars represent F type stars, yellow triangles G type 
stars, orange circles K type stars and red squares M type stars. Filled symbols are used for those stars which appear in the upper branch Ha vs. B-V (those 
stars above the gap in Fig.|7] and thus younger). The dotted line corresponds to the fit of all data whereas the dashed lines represent the fit for each population 
of stars. 
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Figure 5. Relationships between logarithmic X-ray surface fluxes and Hff (left), and Can /18498 A (riglit). Symbols, colours and line styles as in Fig.|4] 



erg cm"- s"' (see iLopez-Santiago et alj |2009| . and Section 3.3), 
which corresponds to log Fx ~ 5.5 (with flux in cgs) for a K dwarf. 
Note that some stars cross-correlated with an RASS counterpart 
show lower values of log Fx . However, we determined the relation- 
ships in the range log Fx > 5.5 to prevent any error in the deter- 
mination of the relations due to this bias. In Fig.|5] the bias toward 
low Fx is clear, since only some stars with log Fx ~ 5 are present. 

In general, the dispersion in these relationships is larger 
than that obtained between chromospheric lines. As mentioned in 
Sect. 13. 31 the uncertainties in the stellar radii estimations affect the 
X-ray surface flux determination and contributes to the dispersion 



observed in Fig.|5] Another source of dispersion is the time variabil- 
ity of activity levels. While all the chromospheric indicators were 
obtained simultaneously. X-ray observations were performed at a 
different time. This result illustrates the importance of using simul- 
taneous observations to build flux-flux relationships and avoid the 
time variability of activity levels. 

Contrarily to what was observed for the chromospheric flux- 
flux relationships, ou r result with X-ray em ission is quite different 
than that obtained bv lMontes et alj ( Il996ah . In the latter study, the 
authors used only binary systems for their study, many of them with 
both stars emitting in X-rays and/or in optical chromospheric lines. 
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Table 2. Linear fit coefficients for eacli flux-flux relationsliip found in this work and in previous ones. 





This work 


Other studies 


log F[ log Fi 


Ci C2 


power law exponent 


Chromosphere-Chromosphere 



CanK CanH 0.30 ±0.17 0.97 ± 0.03 l.OO'.O.gg^ 

CanK Can IRT (,18498 A) -0.29 ±0.51 1.12 ±0.09 1.01^ 

CanlRT(MA) Ca n IRT (,i8662 A) -0.13 ±0.19 1.00± 0.03 

Can IRT (ma) Ca n IRT (,i8542 a) -0.33 ±0.21 1.04 ±0.03 l.Ol^ 

Ha Can IRT (,18498 Ai -2.36 ± 0.35 1.46 ±0.06 

Ha CanK -1.25 ±0.52 1.19 ±0.08 1.13', 0.952,1.03^ 1.12" 



Corona-Chromosphere 

X Ha -2.19 ±0.41 1.48 ±0.07 2.11 

X Can IRT (,18498 A) -4.28 ± 0.77 1.98 ±0.13 

' Lopez-Santiago et al. (2005) ^ Montes et al. (1995b) 

' Martfnez-Amaiz et al. (2010) ■* Montes et al. (1996a,b) 



Table 3. Linear fit coefficients for flux-flux relationships with the stars ap- 
pearing in two different branches. 



logfi 


logfi 


Branch 


ci 


C2 


Ha 


Ca u IRT (,18498 A) 


lower 


-1.72 + 0.35 


1.33 + 0.06 






upper 


2.26 + 0.62 


0.71 ±0.10 


Ha 


Can K 


lower 


-2.10 + 0.85 


1.29 + 0.14 






upper 


3.31 ±0.43 


0.50 + 0.07 


X 


Ca II IRT (,18498 A) 


lower 


-2.84 ± 0.84 


1.58 ±0.15 






upper 


1.39+0.42 


1.00 + 0.07 



In some occasions, they could separate both components in their 
optical spectra, but never in X-rays (the authors used data from 
the ROSAT not corrected for binarity). This introduces systemati- 
cal uncertainties and much more spread in the relationships. There- 
fore, the difference between our determined value for the slope 
of the corona l-chromospheric flux relationships and that found by 
iMontes et alj ([l996a) does not apply due to the systematic uncer- 
tainties introduced from determining X-ray emission from binary 
stars in the latter study. 



5 THE NON UNIVERSALITY OF FLUX-FLUX 
RELATIONSHIPS 

5.1 Two distinct chromospheric emitter populations 

Despite having obtained values for the slope of the flux-flux re- 
lationships very similar to those found by other authors, a simple 
visual inspection of Fig. |4] shows that some K-type (circles) and 
M-type (squares) stars clearly follow a different trend than that ob- 
served for other stars in some indicators. The linear relation still 
holds for these stars (dotted lines) but the slope is different from 
that obtained when all the stars are considered (see Table |3). The 
deviation of these stars from the general relationships can be inter- 



preted as an excess of Ha emission with respect to Can K (right 
panel) or Ca ii IRT (left panel). 

Some authors have previously reported departures of dMe 
stars from general flux-flux relation ships between chromospheric 
and transition-region indicators (see IOranielll986l) , but their sam- 
ple did not include enough stars to determine whether only dMe 
stars followed a different trend or it was an intrinsic behaviour of 
late-type stars. Different explanations for this behaviour have been 
prop osed, including a different structure of the atmosphere of dMe 
stars jSchriiver & Ruttenll987l) and a deficienc y in the H & K emis - 
sion with re-radiation in other emission lines (lRuttenetalJll989h . 
although the higher Balmer lines probably do not compensate the 
deficiencies observed in other chromospheric lines. Differences in 
the behaviour of flare dM stars when two chromospheric indicators 
are compared h ave been previously sugges ted but using a small 
sample of stars jLopez-Santiago et al. I l2005l) . This is the first time 
that a clear departure from the general chromospheric flux-flux re- 
lationships is observed for a sufficiently large sample of late-type 
stars. 

It is important to mention here that, in contrast to most pre- 
vious studies in which the chromospheric component of Ha is 
taken to be simply the emission flux above a pseudo-continuum 
jMohantv & Basr West et al ] |2004l2008t) , in this work, Hor 

EWs were measured in the subtracted spectrum. This fact ensures 
that the measured fluxes are only chromospheric fluxes, giving full 
credibility to the deviations observed in the flux-flux relationships. 

The peculiar behaviour of these stars extends when we com- 
pare X-ray fluxes to those in chromospheric calcium lines (see Fig. 
[5]l- Given that X-ray and Ho- fluxes present an almost linear rela- 
tion (see Table |2j it is not surprising that those stars which deviate 
from the main flux-flux relationships when Ho- is one of the diag- 
nostics, also deviat e when X-ray emission is considered. Note that 
iRutten et al. Ul989l) found that dMe stars deviated from the Fx-fua 
relationship. However, in the latter work, they subtracted the con- 
tribution of the photosphere in F and G stars but not in the M stars. 

For the three diagrams in which two branches are clearly ob- 
served, we have determined flux-flux relationships for each branch 
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separately. The results are shown in Table |3] Notice that M stars 
in Fig.|4]are situated even above the obtained linear fit of the upper 
branch stars. These stars might follow a slightly different trend. It is 
important to note that the new relationships for the lower branches 
show different slopes than those obtained when all the stars are 
used for the fitting, especially for the most active stars. This differ- 
ence should be taken into account when working with samples of 
late-type active stars. 

5.1.1 The nature of the two populations 

We have investigated the nature of the apparent two populations 
of chromospheric emitters. In Fig. |6] we plot logLx/^'boi ver- 
sus logFHff and logF8498. The Lx/i-boi ratio is a good estima- 
tor of magnetic activity in late-type stars. It reaches a maximum 
~ lO"*-"' for (very active) high X-ray emitters and decreases to 
lO"^'"* for less magnetically active stars. This behaviour is re- 
lated to stellar rotation. It has be en observed that X-ra y emission 
in fast rotators is saturated (see IPizzolato et al.l I2003L and refer- 
ences therein). This saturation has be en proved to be indepen- 
dent of stellar m ass and rotation rate jHempelmann et all 1 19951 ; 
Ijames et~aL The physical phenomena behind this saturated 

regime is still controversial, but the transition boundary between 
both regimes has been fou nd to be dependent o n rotational period 
for a given spectral type jPizzolato et al.ll2003l) , and thus depen- 
dent on age due to the time-dependen ce of stellar rotation jBamesI 
I2OO3I : iMamaiek & HillenbrandiboOSi) . Thus, Lx/Lboi can be used 
as a measure of the level of stellar magnetic activity and an esti- 
mator of age. Fig. |6] shows that stars with higher chromospheric 
Ho- surface fluxes are in the X-ray saturation regime. Those stars 
are mainly situated in the upper branch in Fig. |4] Therefore, the 
stars conforming the upper branch in the Ho'-Caii flux-flux rela- 
tionships are mainly saturated X-ray emitt ers. This hypothesis was 
suggested by iLopez-Santiago et al.l ( l2009h in a study of a sample 
of young stars which were possible members of young stellar kine- 
matic groups. In that work, the authors observed that there were 
two well-defined branches of Hcf emitters in the logFH„-(V - /) 
diagram. 

To confirm that these stars have rotation rates in agreement 
with having a saturated X-ray emission we have compiled the pho- 
tometric periods when available. We list the values in Table|4] With 
the exception of HIP 23309, DK Leo and HD 135363, all the upper 
branch stars for which photometric periods were measured, have 
Pphoi < 4.5 days. This corresponds to the saturated regime for each 
mass range according to the results obtained by IPizzolato et al.l 
( l2003h . 

Given that the t wo-population d istribution resembles the seg- 
regation observed bv lVaughan & Pres ton ( 1980) in Ca n H & K, we 
have studied whether there is a relation between the discrepancy in 
Ha emission and the position of these stars in a flux-colour dia- 
gram as that presented by Vaughan & Preston. We have studied the 
position of the upper branch stars in an activity-colour index dia- 
gram (see left panel in Fig. |7). We have plotted the emission flux 
in Ho- (left) and the total flux in Can (right) H & K lines vs. B-V. 
There is a clear gap between stars with high Ha emission and those 
with lower activity levels, particularly for K and M stars. We have 
used filled symbols to mark these stars in all the plots. We note that 
those stars in the region on top of the gap in the Ha-(i?-K) relation 
are the ones that deviate from the general flux-flux relationship be- 
tween Ha and the calcium lines. Note also that the gap is not as 
noticeable when the used activity index is the total flux in Can H 
& K instead of Ha, yet those stars with abnormal Ha emission are 



in the upper region in this plot, too. A similar result was found by 
LSIO. In Table [4] we list the stars that belong to the upper branch 
in Fig.|7] For them, we give values of log Fyia and log Fx . 



5. 1.2 Ages and dynamo 

Diagrams such as the ones presented in Fig. |7] have been inter- 
preted as the result of the rapid decay of the magnetic flux with 
age rather than to a discontinuity in emission lev els. The satura- 
tion i n the chromospheric emissio n of young stars dHartmann et al.l 
Il984 iHartmann & Nove3 Il987l) would result in the concentra- 
tion of stars above the Vaughan-Preston gap. Therefore, the ga 



would separate young stars from older ones ( Noves et 



e, tne gap 
rallll984j : 



IZuckerman & Song||2004 lB6hm-Vitensell2007l;|pace et al.ll2009l) . 

Several authors have suggested that the gap actually separates 
stars with two different dynamo regimes and that thi s dynamo could 
chang e over the star's lifetime. In a recent study, iBohm-Vitensd 
( I2OO7I) concludes that there are two different dynamos at work in 
the two branches observed in the cycle period versus rotation pe- 
riod diag ram. The exis t ence o f two dynamos was previously pro- 
posed by iDumev et al.l Jl98lh as an explanation for the Vaughan- 
Preston gap. They also suggested that this could produce a change 
in the morphology of the magnetic field between early-type and 
late-type stars. Although this interpretation is still controversial, it 
could be a plausible explanation for the two clearly independent 
populations of stars we find when the Ha emission is considered. 

To investigate if the upper branch is formed by young stars, 
we studied age indicators in ou r samp le. In pa rticular, we used 
data from Lopez-Santiago et al.l ( 20061). LSI O. Maldonado et all 



( l2010l) . lMontes et alj l l200lh . and llbrres et al.l l l2"008h to determine 
if the star was a member of a young stellar association or mov- 
ing group. In Table |4] we give details on the membership of each 
star in the upper branch of Fig. |7] in any young group. ^From 
the 39 stars belonging to the upper branch, nine are members 
of th e AB Dor moving group (~ 50 Myr; IZuckerman & Soii3 
2004h. three are members of the P Pic association (~ 12-20 Myr; 



Barrado v Navascues et al. I ll999t IZuckerman & Song||2004 . and 



two stars are memb ers of the subgroup B4 of t he Local Associa- 
tion (~ 80-120 Mvr; lL6pez-Santiago et al.l20 0d). 

For those stars in LSIO and MAIO, the preliminary member- 
ship (based only on their kinematics, see LSIO) in young mov- 
ing groups has been complemented with the information provided 
by the equivalent width of the Lii 6707.8 A. The lithium equiv- 
ale nt widths are given in Table |4| and were taken from LSIO 
and lMaldonado etalj j2010l) . The latter is an indicator of age for 
young {age % 650 Myr) s tars (see details in lMonte7 et al.ll200ll; 



iLopez-Santiago et al.ll200d) . For details about the young moving 
groups' ages and the technique used to assign a star to a moving 
group, see LSIO. We note that in most cases there is a good agree- 
ment between the kinematic classification and the ages obtained 
using lithium. Five of these stars (BD-l-17 232, LQ Hya, V383 Lac, 
V889 Her, and BD-l-17 4799) have values of £lV(Lil) higher than 
those found for the Pleiades members. The remaining eight stars 
have equivalent widths compatible with having an age similar to 
the Pleiades cluster. Finally, two stars, DK Leo and FP Cnc, were 
assigned to the Local Association moving group but given that they 
are late type stars, their age could not be confirmed by means of 
hthium dating (LSIO). In addition the star 2RE J1846-I-191 was 
classified as a YD star by means of its kinematics but its age could 
not be confirmed by lithium dating (LSIO). 

Therefore, from the 39 stars in the upper branch, 30 are 
younger than the Pleiades or have an age similar to that of the latter 
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Figure 6. X-ray luminosity vs. Ha excess emission (left) and Can IRT /i8498 A (right). Symbols and colours as in Fig.|4] 
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Figure 7. Ha excess emission vs. colour index B-V (left). Total excess emission in Can H & K vs. colour index B-V (right). Filled symbols are used for 
those stars that conform the upper region of the gap. Colors as in Fig.|4] 



cluster, confiiining the hypothesis of the saturated X-ray regime's 
corresponding to young stars. 



The remaining nine stars in the upper branch in Fig. |7] are 
dwarf flare (UV Ceti type) stars (se e Table H). We have clas sified a 
star as flare when it was included in iGershberg et"aD(l 19991) and/or 
IPetter sen ( 199 IJ. Some of them hav e been previously cl assified as 
members of a young moving group jMontes et alJIlOOll LSIO) al- 
though they need spectroscopic confirmation. Nevertheless, what- 
ever their age is, they present enhanced X-ray emission. They, in 
fact, present X-ray emission levels in the saturation regime. 



5.1.3 Flare stars 



A large fraction (41%) of the stars in the upper branch (see 
Sect. I5.lt are well-known M UV Ceti-type flare dwarfs (see Ta- 
ble H or K-type flare stars (PW An d BD+17 232, BD-H20 179() , 
DK Leo, and FP Cnc) d iscovered bv lLopez-Santiago et alj l2003h 
and lMontes et alj ( l2005h . It is well known that during a flare event, 
and given that Calcium and Balmer lines form at different heights in 
the stellar a tmosphere, the growth of the latter are larger than that o f 
the former dHawlev et aLll2003L ICrespo -Chacon et al ]|2004l2006h . 
This fact suggests the idea that flare-like events may be responsible 
for the different behaviour that these stars show in the flux-flux 
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Table 4. Stellar parameters of the stars in the 'upper branch' 



Name 


SpT 


B-V 


RA 


DEC 


Source 


log ^Ho 


log Fx 


Notes on the stellar age ( 1 ) 


Pphoi (2) 








(hh mm ss) 


(deg ■ ") 




(ergcm"^ s"') 


(erg cm~^ , 




(days) 


PW And 


K2V 


j 04 


00 18 20.89 


+30 57 22.2 


LSIO 


6.54 ± 0.06 


7.66 


AB Dor^ flare star 


] 74E 


QT And 


K2V 


0.92 


00 41 17.34 


+34 25 16.9 


LSIO 


6.63 ± 0.07 


7.63 


Cn. EW (Lil) =132.2 niA ^-^ 


2.86'^ 


BD+17 232 


K4V 


101 


01 37 39.42 


+ 18 35 32.9 


LSIO 


6.70 + 0.1 1 


7.96 


LA, EW (Lil) = 405.6 mA"''^, flare star 




V577 Per 


Kl V 


70 


03 33 13 49 


+46 15 26 5 


LSIO 


6 32 ± 12 


7 34 


AB Dor^ 


1 45"' 


HD 25457 


F6V 


0.52 


04 02 36.74 


-00 16 08.1 


LSIO 


6.18 + 0.19 


6.78 


AB Dor^ 




V834 Tau 


K3V 


LIO 


04 41 18.85 


+20 54 05.4 


LSIO 


6.48 ±0.17 


7.15 


Uma, EW (Lil) = 56.5 mA flai-e star 


3.94-' 


VI 005 Ori 


M1.5V 


1.4! 


04 59 34.83 


+01 47 00.6 


FEROS05 


6.30 ± 0.02 


7.57 


^ Pic^ . flare star 


44L,0 


HIP 23309 


M0.5V 


1.40 


05 00 47.13 


-57 15 25.4 


FEROS05 


6.19 + 0.02 


7.32 




g gL 


V371 Ori 


M2.5V 


1.58 


05 33 44.79 


+01 56 43.4 


FEROS05 


6.44 ± 0.01 


1.11 


YD'*, flare star 




UY Pic B 


K5V 


0.79 


05 36 55.07 


-47 57 47.9 


FEROS05 


6.93 ± 0.04 


1.21 


AB Dor^ 


4.52"^ 


AO Men 


K4IV 


1.13 


06 18 28.21 


-72 02 41.5 


FEROS05 


6.48 ± 0.01 


7.76 




2.67° 


BD+20 1790 


K5V 


i.07 


07 23 43.59 


+20 24 58.7 


LSIO 


6.62 ± 0.07 


6.96 


AB Dor' , flare star 


2 8'^-'^ 


V372 Pup 


M1.5IV 


1.44 


07 28 51.37 


-30 14 48.5 


FEROS05 


6.46 ± 0.01 


7.64 


AB Dor' 


1.64*^ 


BD+21 2462 


K3V 


1.0 1 


07 43 48.49 


-36 13 06.5 


LSIO 


6.1 1 ± 0.23 


6.1 1 


IC, EW (Lil) = 40.4 mA --^ 




YZ CMi 


M4.5V 


1.61 


07 44 40.17 


+03 33 08.8 


FEROS05 


6.68 ± 0.04 


7.39 


LA'* flare star 


2.78^ 


FP Cnc 


K7V 


1.40 


08 08 56.40 


+32 49 1 1.2 


LSIO 


6.18 ± 0.06 


7.37 


LA^ flai'e star 




HD 77407 


GOV 


0.60 


09 03 27.08 


+37 50 27.5 


LSIO 


6.22 ± 0.20 


6.84 


LA, EW (Lil) = 161.3 mA -■'' 




LQ Hya 


KOV 


0.91 


09 32 25.57 


-1111 04.7 


MAIO/LSIO 


6.71 + 0.02 


7.40 


YD, EW (Lil) = 240.3 mA "'^ 


1.60"-Q 


DX Leo 


KOV 


0.78 


09 32 43.76 


+26 59 18.7 


MAIO/LSIO 


6.13 ± 0.03 


6.65 


LA, EW (Lil) = 192.4^"'', 176.3""'' mA 


6^ 


DK Leo 


K7V 


1.24 


10 14 19.18 


+21 04 29.6 


LSIO 


6.46 ± 0.08 


6.90 


LA" flai"e star 


7.98^ 


AD Leo 


M3.5V 


1.50 


10 19 36.28 


+ 19 52 12.1 


LSIO 


6.45 ± 0.08 


7.10 


Cas^ flare star 


2.60^ 


V857 Cen 


IVI4.5V 


1.54 


1131 46.51 


-41 02 47.2 


FEROS05 


6.1 1 + 0.02 


7.97 


HS", flare star 




EQ Vir 


K4V 


1.20 


13 34 43.21 


-08 20 31.3 


FEROS05/MA10 


6.34 ± 0.01 


7.20 


IC", flare star 


3.96^ 


EK Dra 


G1.5V 


0.63 


14 39 00.21 


+64 17 29.9 


LSIO 


6.46 ± 0.04 


7.18 


LA, subgroup B4 ' 


2.79"" 


lUDra 


GOV 


0.67 


15 05 49.90 


+64 02 49.9 


LSIO 


6.15+0.29 


6.50 


HS, EW(LiI)= 144.9 mA "■'' 


4.45"' 


HD 135363 


KOV 


0.94 


15 07 56.26 


+76 12 02.7 


LSIO 


6.65 ± 0.07 


7.61 


HS, EW(LiI)= 198.2 mA ^'^ 


7.24*^ 


HD 139751 


K3/K4V 


1.40 


15 40 28.39 


-18 41 46.2 


FEROS05 


6.13 ±0.02 


7.83 


AB Dor' 


3.7L 


CR Dra 


MIV 


1.24 


16 17 05.39 


+55 16 09.1 


LSIO 


6.55 ± 0.08 


7.25 


YD-, flare star 




VI 054 Oph 


M4V 


1.49 


16 55 28.75 


-08 20 10.8 


FEROS05 


6.36 ±0.01 


7.26 


HS-, flare stai- 




V647 Her 


M3.5V 


1.46 


17 19 54.20 


+26 30 03.0 


LSIO 


6.28 ± 0.05 


7.02 


HS^, flare star 


1.34"" 


V889 Her 


G2V 


0.62 


18 34 20.10 


18 41 24.2 


LSIO 


6.65 ±0.15 


7.54 


LA, EW (Lil) = 208.4 mA 


I.34P 


2REJ1846-I-191 


K4V 


i.49 


18 46 09.34 


+ 19 12 14.9 


LSIO 


6.12 ±0.07 




YD- 




LO Peg 


K3V 


1.03 


21 31 01.71 


+23 20 07.4 


LSIO 


6.65 ± 0.08 


7.25 


AB Dor' 


0.42^-L 


V383 Lac 


KIV 


0.83 


22 20 07.03 


+49 30 11.8 


LSIO 


6.44 ±0.12 


7.28 


LA, EW (Lil) = 260.0 mA^'^ 


2.42"" 


GJ 856 B 


MIV 


1.49 


22 23 30.00 


+32 27 00.0 


LSIO 


6.54 ± 0.06 




LA, subgroup B4 ' 




BD+17 4799 


KOV/IV 


0.88 


22 44 41.54 


+ 1754 18.3 


LSIO 


6.37 ±0.12 


7.49 


LA, EW (Lil) = 247.6 "-^ 




EV Lac 


M3.5V 


1.39 


22 46 49.73 


+44 20 02.4 


LSIO 


6.69 ± 0.04 


7.01 


LA^ , flai-e star 


4.38^^ 


GJ 9809 


MOV 


1.21 


23 06 04.84 


+63 55 34.4 


LSIO 


6.54 ± 0.05 


7.10 


AB Dor', flare star 


4.50'^ 


V368 Cep 


KOV 


0.89 


23 19 26.63 


+79 00 12.7 


LSIO 


6.44 ±0.10 


7.46 


LA, EW (Lil) = 205.4 mA 


2.74H 



(1) '^L6gcz^Santiago_rtat gOOg, "LSIO, '_Maldonado_ctaL gOlO), ^^Montcs^^ gOOy 'jbms^ctah gOO^ " Consistent with being younger tiian tlie Pleiades, 
^ Consistent with the age of the Pleiaiies. Ca: Castor, HS: Hyades SC, IC: IC2391, LA: Local Association, UMa: Ursa Major MG, YD: Young Disk. 

(2) *Bahunas et al. (1996) . ^Bonp & Fekel (1977) . ^Cutispoto et al. (1999) , PHeman-Obispo et al. (2010) , ^Hooten & Hall (1990) , ' 'jiirvinen et al. (2008) . °Koen & Ever (2002) , 
"Kovari et al. (2004) 'Lifter et al (1999) , ^Messina et al. (2001) , " ^Messina et al. (2003) , ^Messina et al. (2010) . "Norton et al. (20071 . " ^Pizzolato et al. (2003) . 
"Poinianski72003) .' ^Saar(2001) , " ^Strassmeieret al. (1997) . 



relationship. So, the question arises: are flare-induced variations 
compatible with our observations? 

ICrespo-Chacon et al. Il l2004l2006l) carried out a high tempo- 
ral resolution spectroscopic monitoring of the stars VI 054 Oph 
and AD Leo, respectively. Studying the temporal evolution of 
the Balmer series and Can H & K lines, they detected frequent 
(> 0.71 flares/hour) short and weak non white-light flares. Some 
of these events lasted as little a s 14 min. Additional observations 
by ICresDO-Chacon et al.l | |2005|) suggest that this kind of frequent 
short flare is of common occurence on UV Ceti-type flare stars. 
In the present work, the observed spectra were obtained using typ- 
ical exposure times ~ 25 min. Thus, one or two of this kind of 
flare events probably occurred on the flare stars during their ob- 
servation. However, even if this were the case, it would not ex- 
plain the different behaviour found in the flux-flux relationships 
between the stars in t he upp er branch and the other ones. In fact, 
ICrespo-Chacon et al.l ( |2006|) derived (for AD Leo) a value of the 
order of 10^" erg for the energy released in the Ha line by a flare 
event of the above type with a duration of 30 min. This implies that 
flares of this type would contribute with a mean Ha surface flux 
of the order of 10^ erg cm"^ s"'. Thus, one, or even two, of these 
events taking place on some of the target stars during our observa- 



tions would only introduce a small increase in their measured line 
fluxes, which would not explain the whole observed 'deviation' of 
the stars in the upper branch from the general trend followed by the 
remainder. Moreover, the clear trend followed by the stars of the 
upper branch in the flux-flux relationship cannot be the result of 
events of this type occuning randomly in their atmospheres during 
the time they were observed. 



However, we have detected emission in the Hei D3 line 
in all the stars classified as flare stars located in the up- 
per branch. In active stars, the He: D3 line is usually ob- 
served i n absorption a nd sometime s in emission, as during flare 
events llMontes et alJ Il997l. 1 19991: pLopez-Santiago et al.l I2OO3I : 
' \200M 



iGarcia- Alvarez et al. 12003 " iCrespo- Chacon et al .1120061) . The Hei 
D3 line at A5S76 A has a very high excitation level. High tempera- 
tures (> 15000 K) and electr on densities > lO'** c m~'' are required 
to reach emission in this line ( jpeldman et al .1 19831) . Nanoflare heat- 
ing has been proposed as the main heating mechanism of the stel- 
lar outer atmospheres. Th e energy distribution of flares has b een 
found to be a power law jDaflowe et al1ll974 iLin et al.lll984l) of 
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the iou^dNldE = fc£". ICrespo-Chac6n et al] ( |2006|) concluded 
that very weak flares are expected to occur much more frequently 
than those observed in that work (> 0.71 flares/hour), in the sense 
that the quiescent emission of the UV Ceti-type stars in the upper 
branch may be the result of a superposition of multiple small flares 
(named nanoflares) following the distribution law given above. 



6 SUMMARY AND CONCLUSIONS 

In this work, we present empirical flux-flux power law relation- 
ships between the most important chromospheric activity indicators 
for a large sample of main-sequence F, G, K, and M stars. In addi- 
tion, we obtain relations between X-ray and chromospheric surface 
fluxes for diff^erent chromospheric lines. These new relationships 
will be useful for comparing classical and present/future data of 
magnetic activity. 

For the first time, we have proved the non-universality of 
some flux-flux relations between chromospheric indicators. Gen- 
eral power laws hold for the majority of the stars, but some late-K 
and M dwarf stars deviate from the general trend when Ho- is used 
as a chromospheric activity diagnostic. We have also confirmed that 
this different behaviour persists when X-ray fluxes are used instead 
of Ha ones. Therefore, late-type stars follow two different power 
law flux-flux relationships when X-rays or Ha are used as mag- 
netic activity indicators. We have quantified, for the first time, the 
departure of these stars from the general trend of other active stars. 
^From their membership in young stellar associations or moving 
groups and/or lithium abundance, we have shown that most of the 
stars in the upper branch of the above mentioned relationships are 
indeed young stars. This is also confirmed by their position in the 
log Fua-{B-V) diagram. 

The remaining stars in the upper branch are flare stars. We 
have proved that a single flare event occurring during the obser- 
vation cannot account for the deviation observed in the flux-flux 
relationships. However, a plausible explanation for this deviation 
may be the hypothesis of nanoflare heating, which suggests that 
the quiescent state of the star is the result of the superposition of 
multiple small flares. 

Regardless of whether the explanation is the age of the stars or 
such nanoflare heating, and given that all the upper branch stars are 
in the (magnetic activity) saturation regime, it is our belief that their 
different behaviour in the flux-flux relationships is a consequence 
of a shared physical phenomenon. These stars probably have a mag- 
netic structure that diff'ers in some way from that of the less active 
stars. 
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APPENDIX A: TABLES OF RESULTS 

The stellar and line parameters are published in electronic format 
only. Table I All available at the CDS, contains the name of the star 
(column #1), the right ascension and declination (columns #2 and 
#3), the spectral type (column #4), the colour index (B-V) (column 
#5), and any important note on each star (column #6). 

The chromospheric activity results are listed in two different 
tables. Table IA2I contains the excess emission RW as measured 
in the subtracted spectrum, whereas Table |A3l includes the excess 
fluxes derived in this work. In both tables, column #1 is the name of 
the star. In columns #2, #3, #4, #5, #6 and #7, the excess emission 
(or fluxes) for Ca ii K, Ca ii H, Ho- and Ca ii IRT /i8498A, Ca n IRT 
/i8662A, and He i D3 are given. 
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Table Al. Stellar parameters for the FEROS05 stars 



Name RA DEC SpT B-V 

(hhmmss) (deg) 



VI 005 Ori 


04 


59 


34, 


.83 


+01 47 00.7 


M1.5V 


1.41 


HIP 23309 


05 


00 


47 


.13 


-57 15 25.5 


M0.5V 


1.40 


HD 35650 


05 


24 


30, 


.17 


-38 58 10.8 


K4V 


1.25 


V371 Ori 


05 


33 


44, 


.79 


+01 56 43.4 


M2.5V 


1.58 


UY Pic B 


05 


36 


55, 


.07 


-47 57 47.9 


K5V 


0.79 


AO Men 


06 


18 


28, 


.21 


-72 02 41.5 


K4IV 


1.13 


HIP 31878 


06 


39 


50 


.02 


-61 28 41.5 


MOV 


1.26 


V372 Pup 


07 


28 


51, 


.37 


-30 14 48.5 


M1.5IV 


1.44 


YZCMi 


07 


44 


40, 


.17 


+03 33 08.8 


M4.5V 


1.61 


FRCnc 


08 


32 


30, 


.53 


+ 15 49 26.2 


K8V 


1.16 


GJ382 


10 


12 


17, 


.67 


-03 44 44.4 


M1.5V 


1.51 


EE Leo 


10 


50 


52, 


.06 


+06 48 29.3 


M3.5V 


1.68 


V857 Cen 


11 


31 


46, 


.51 


-41 02 47.2 


M4.5V 


1.54 


FI Vir 


11 


47 


44, 


.40 


+00 48 16.4 


M4V 


1.77 


EQ Vir 


13 


34 


43, 


.21 


-08 20 31.3 


K4V 


1.20 


CEBoo 


14 


54 


29, 


.24 


+ 16 06 03.8 


M2.5V 


1.48 


HD 139751 


15 


40 


28, 


.39 


-18 41 46.2 


K4V 


1.40 


V2306 Oph 


16 


30 


18, 


.06 


-12 39 45.3 


M3.5V 


1.60 


GJ643 


16 


55 


25, 


.22 


-08 19 21.3 


M4V 


1.70 


V1054 Oph 


16 


55 


28, 


.75 


-08 20 10.8 


M4V 


1.49 


GJ674 


17 


28 


39, 


.95 


-46 53 42.7 


M2.5V 


1.53 
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Table A2. Excess emission in different chromospheric activity indicator lines for the active stars in the sample. 



EW (A) in the subtrated spectrum 
Name Cali Ca n IRT 

iC H Ha 18498 18662 HeiD3 



VI 005 Ori 


2.100 ± 


0.230 


1.900 ± 0.200 


1.940 ± 


0.030 


0.460 ± 0.010 


0.591 


± 0.012 


0, 


.054 


± 


0, 


.036 


HIP 23309 


4.590 ± 


0.050 


3.600 ± 0.040 


1.490 ± 


0.020 


0.420 ± 0.010 


0.401 


± 0.010 


0, 


.023 


± 


0, 


.014 


HD 35650 


1.680 ± 


0.020 


1.350 ± 0.020 


0.440 ± 


0.010 


0.220 ± 0.010 


0.273 


± 0.007 












V371 Ori 


4.830 ± 


0.200 


3.740 ± 0.160 


4.150 ± 


0.030 


0.390 ± 0.010 


0.440 


± 0.016 


0. 


.305 


± 


0. 


.062 


UY Pic B 


3.510 ± 


0.030 


2.790 ± 0.020 


1.760 ± 


0.010 


0.480 ± 0.010 


0.636 


±0.105 












AO Men 


1.940 ± 


0.060 


1.840 ±0.040 


1.460 ± 


0.020 


0.260 ± 0.050 
















HIP 31878 


1.120± 


0.040 


0.940 ± 0.040 


0.360 ± 


0.010 


0.140 ±0.010 


0.160 


±0.010 












V372 Pup 


9.070 ± 


0.040 


6.780 ± 0.020 


3.080 ± 


0.020 


0.550 ± 0.010 


0.604 


± 0.007 


0. 


.239 


± 


0. 


.020 


YZ CMi 


4.550 ± 


0.200 


5.970 ±0.170 


7.790 ± 


0.040 


0.810 ±0.080 






0. 


.757 


± 


0. 


.062 


FRCnc 


5.835 ± 


0.575 


5.389 ±0.316 


1.600 ± 


0.022 


0.601 ± 0.048 


0.576 


± 0.090 


0. 


.895 


± 


0. 


.385 


GJ382 


0.850 ± 


0.040 


0.620 ± 0.050 


0.330 ± 


0.020 


0.230 ± 0.040 
















EE Leo 


0.730 ± 


0.200 


0.500 ±0.100 


0.100 ± 


0.030 


0.050 ± 0.020 


0.099 


±0.013 












V857 Cen 






8.360 ± 0.090 


4.600 ± 


0.030 


0.390 ± 0.050 


0.273 


± 0.007 


0. 


.382 


± 


0. 


.021 


n Vir 


0.480 ± 


0.150 


0.280 ±0.180 


0.200 ± 


0.030 


0.090 ± 0.020 


0.194 


±0.016 












EQVir 


2.090 ± 


0.030 


1.700 ±0.020 


1.260 ± 


0.010 


0.410 ±0.010 


0.052 


±0.011 


0, 


.037 


± 


0. 


.014 


CE Boo 


4.320 ± 


0.010 


3.280 ± 0.040 


1.380 ± 


0.010 


0.210 ±0.010 


0.304 


± 0.009 


0. 


.094 


± 


0, 


.018 


HD 139751 


2.590 ± 


0.020 


2.030 ± 0.030 


1.300 ± 


0.020 


0.480 ±0.010 


0.519 


±0.012 












V2306 Oph 


0.600 ± 


0.160 


0.360 ±0.190 


0.130 ± 


0.020 


0.060 ± 0.030 


0.070 


±0.015 












GJ 643 


0.730 ± 


0.240 


0.290 ±0.130 


0.100 ± 


0.010 


0.050 ± 0.030 


0.075 


± 0.008 












VI 054 Oph 


5.080 ± 


0.070 


3.070 ± 0.040 


2.780 ± 


0.030 


0.170 ±0.020 


0.180 


± 0.007 


0, 


.111 


± 


0, 


.034 


GJ 674 


0.340 ± 


0.040 


0.140 ±0.040 


0.260 ± 


0.020 




0.099 


± 0.009 
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Table A3. Logarithmic excess suri'ace flux in different chromospheric activity indicator lines for the active stars in the sample. 



log Fj in the subtrated spectrum 
Name Can Ca n IRT 

K H Ha 18498 i8662 



VI 005 Ori 


5.730 


± 


0.048 


5, 


.687 


± 


0.048 


6.296 


± 


0.020 


5, 


.780 


± 


0.019 


5, 


.889 


± 


0.018 


HIP 23309 


6.090 


± 


0.005 


5, 


.984 


± 


0.005 


6.192 


± 


0.017 


5, 


.747 


± 


0.021 


5, 


.727 


± 


0.021 


HD 35650 


5.953 


± 


0.005 


5, 


.858 


± 


0.005 


5.825 


± 


0.030 


5, 


.569 


± 


0.039 


5, 


.663 


± 


0.021 


V371 Ori 


5.753 


± 


0.018 


5, 


.642 


± 


0.018 


6.442 


± 


0.009 


5, 


.592 


± 


0.022 


5, 


.645 


± 


0.031 


UY Pic B 


7.190 


± 


0.004 


7, 


.091 


± 


0.004 


6.926 


± 


0.007 


6, 


.223 


± 


0.018 


6, 


.345 


± 


0.144 


AO Men 


6.254 


± 


0.013 


6, 


.231 


± 


0.013 


6.476 


± 


0.018 


5, 


.724 


± 


0.167 










HIP 31878 


5.757 


± 


0.016 


5, 


.680 


± 


0.016 


5.727 


± 


0.036 


5, 


.366 


± 


0.062 


5, 


.425 


± 


0.055 


V372 Pup 


6.306 


± 


0.002 


6, 


.179 


± 


0.002 


6.464 


± 


0.008 


5, 


.837 


± 


0.016 


5, 


.878 


± 


0.011 


YZ CMi 


5.667 


± 


0.019 


5, 


.785 


± 


0.019 


6.683 


± 


0.007 


5, 


.889 


± 


0.086 










FRCnc 


5.141 


± 


0.015 


5, 


.173 


± 


0.012 


6.072 


± 


0.007 


6, 


.513 


± 


0.005 


6, 


.519 


± 


0.006 


GJ382 


5.138 


± 


0.020 


5, 


.001 


± 


0.020 


5.418 


± 


0.079 


5, 


.410 


± 


0.151 










EE Leo 


4.733 


± 


0.119 


4, 


.568 


± 


0.119 


4.715 


± 


0.391 


4, 


.631 


± 


0.347 


4, 


.929 


± 


0.116 


V857 Cen 


5.432 


± 


0.006 


5, 


.293 


± 


0.006 


6.107 


± 


0.008 


5, 


.352 


± 


0.111 


5, 


.196 


± 


0.022 


Fl Vir 


4.371 


± 


0.136 


4, 


.137 


± 


0.136 


4.919 


± 


0.195 


4, 


.825 


± 


0.193 


5, 


.158 


± 


0.070 


EQ Vir 


6.147 


± 


0.006 


6, 


.057 


± 


0.006 


6.336 


± 


0.010 


5, 


.874 


± 


0.021 


4, 


.974 


± 


0.190 


CE Boo 


5.904 


± 


0.001 


5, 


.784 


± 


0.001 


6.072 


± 


0.009 


5, 


.391 


± 


0.041 


5, 


.552 


± 


0.024 


HD 139751 


5.841 


± 


0.003 


5, 


.735 


± 


0.003 


6.133 


± 


0.020 


5, 


.805 


± 


0.018 


5, 


.840 


± 


0.019 


V2306 Oph 


4.807 


± 


0.116 


4, 


.585 


± 


0.116 


4.916 


± 


0.200 


4, 


.765 


± 


0.434 


4, 


.830 


± 


0.186 


GJ643 


4.693 


± 


0.143 


4, 


.292 


± 


0.143 


4.694 


± 


0.130 


4, 


.617 


± 


0.521 


4, 


.793 


± 


0.095 


VI 054 Oph 


5.954 


± 


0.006 


5, 


.736 


± 


0.006 


6.365 


± 


0.014 


5, 


.293 


± 


0.102 


5, 


.318 


± 


0.034 


GJ674 


4.700 


± 


0.051 


4, 


.315 


± 


0.051 


5.293 


± 


0.100 










5, 


.029 


± 


0.082 



